Application No. 10/069,961 

Reply to Office Action of November 3, 2004 

REMARKS 

Claims 37-61 are pending, upon entry of the amendment submitted above. Favorable 
reconsideration is respectfully requested. 

The rejection of the claims under 35 U.S.C. §112, second paragraph, is believed to be 
obviated by the amendments submitted above. In re-writing the claims, the issues raised in 
the Official Action are believed to have been addressed. Therefore, the claims are definite 
within the meaning of 35 U.S.C. §112, second paragraph. Accordingly, withdrawal of this 
ground of rejection is respectfully requested. 

The rejection of the claims under 35 U.S.C. §112, first paragraph, deposit 
requirement, is believed to be obviated by the executed Declaration from Dr. Mock enclosed 
herewith. Withdrawal of this ground of rejection is respectfully requested. 

The rejection of the claims under 35 U.S.C. §112, first paragraph, enablement, is 
believed to be obviated by the amendments submitted above. The specification teaches how 
to make and use the claimed compositions. Accordingly, withdrawal of this ground of 
rejection is respectfully requested. 

The rejection of the claims under 35 U.S.C. § 103(a) over Kraevets et al., Derwent 
abstract only, is respectfully traversed. Kraevets et al. fail to suggest the claimed 
compositions. 

Kraevets et al. disclose immunogenic compositions or vaccines containing a 
protective antigen and a live strain of B. anthracis which lacks the capsule (i.e., lack of the 
pX02 plasmid). The reference fails to describe the use of killed spores of B. anthracis. 
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The Examiner has asserted that: 

Killed anthrax vaccines were well known in the prior 
art to be safe and efficacious when used in humans . . . it would 
have been obvious to substitute killed spores of a non- 
encapsulated strain of B. anthracis in place of the live spores 
taught by Kraevts. [See the Official Action dated November 3, 
2004 at page 10.] 

However, the Office has cited no reference or other evidence to support that assertion. In 
fact, killed spores of B. anthracis have not been used in the development of an anthrax 
vaccine in the art . 

Applicants submit herewith excerpts from a book entitled The Anthrax Vaccine: Is it 
Safe? Does it Work?". Referring to chapter 2, entitled "Background," it emerges that there 
were no attempts to develop killed anthrax vaccines in the art. 

More specifically, pages 48-49 describe the development of anthrax vaccine. The 
main directions for the development are: 

(1) a heat attenuated vaccine, 

(2) a live spore vaccine developed by Sterne, 

(3) non-living vaccines, which correspond to protective antigen (PA) (see Turnbull, 
2000 and Turnbull, 2001 enclosed herewith): 

a. the US vaccine (cell- free culture filtrate of V 770-NP1-R strain) is based 
on cultures on synthetic medium (528 medium) without proteins or other 
macromolecules, 

b. the UK vaccine (cell-free culture filtrate), a protein hydrolysate was 
preferred to synthetic 528 medium and Sterne strain 34F2 was adopted 
(see Turnbull, 2000 enclosed herewith). 

Applicants also submit herewith a copy of a publication co-authored by Dr. Mock, the 
inventor of the present application: "Anthrax Spores Make an Essential Contribution to 
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Vaccine Efficacy," Infection and Immunity, February 2002, pp. 661-664. This article was 

published after the effective U.S. filing date of the present application. This paper describes 

that inactivated (i.e., killed) spores of B. anthracis induced a protective effect (see the 

Abstract). The publication concludes with the following paragraph: 

In summary, we present evidence that inclusion of 
killed spores greatly enhances the protective efficacy of a PA- 
based vaccine. Immunization with FIS plus PA provides a 
synergistic protective immunity acting on both toxemia and 
infection. The immune response induced by FIS may act early 
by blocking germination, a critical step at the onset of pathogen 
multiplication (6, 31). The molecular mechanisms of the 
protective immunity induced by FIS and the putative role of 
spore antigens need to be further investigated. It is clear that 
full protection against anthrax requires a multifactorial immune 
response. The results presented here may serve as the basis for 
the first design, for human use, of a subunit vaccine as 
protective as the current live veterinary vaccine . [Emphasis 
added.] 

Thus, this publication from Dr. Mock establishes that killed spores for use as an 
anthrax vaccine were not known prior to the present invention. 

In view of the foregoing, one of ordinary skill in the art would not have been 
motivated to replace live spores with killed spores, considering that the easiest possible 
manipulation is antigen manipulation. Therefore, the claimed composition are not suggested 
by Kraevets et al. 

In addition, the experimental data presented in the specification is striking evidence of 
non-obviousness. The data in Tables I, II and III at pages 12, 13 and 15 of the specification 
demonstrate that the claimed compositions and vaccines provide complete protection and 
have the same efficacy as the live vaccine. These results are unexpected from Kraevets et al., 
since that reference describes the use of live spores only. 

In view of the foregoing, the claims are not obvious over Kraevets et al. Accordingly, 
withdrawal of this ground of rejection is respectfully requested 



11 



Application No. 10/069,961 

Reply to Office Action of November 3, 2004 



Applicants submit that the application is in condition for allowance. Early notice to 



this effect is earnestly solicited. 
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Description 



The vaccine used to protect humans against the anthrax disease, called 
Anthrax Vaccine Adsorbed (AVA), was licensed in 1970. It was initially 
used to protect people who might be exposed to anthrax where they 
worked, such as veterinarians and textile plant workers who process 
animal hair. When the U. S. military began to administer the vaccine, 
then extended a plan for the mandatory vaccination of all U. S. service 
members, some raised concerns about the safety and efficacy of AVA 
and the manufacture of the vaccine. In response to these and other 
concerns, Congress directed the Department of Defense to support an 
independent examination of AVA. 

The Anthrax Vaccine: Is It Safe? Does It Work? reports the study s 
conclusion that the vaccine is acceptably safe and effective in protecting 
humans against anthrax. The book also includes a description of 
advances needed in main areas: improving the way the vaccine is now 
used, expanding surveillance efforts to detect side effects from its use, 
and developing a better vaccine. 
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Background 



Anthrax is primarily a disease of animals, and historically, humans 
have generally contracted the disease through contact with infected animals 
or contaminated animal products. The disease had become extremely un- 
common in any form in the United States until the intentional mailings of 
anthrax spores caused an outbreak in the autumn of 2001 that resulted in 
five deaths from the inhalational form of the disease. 

Anthrax vaccines for use in animals were first developed in the late 
19th century. Work on vaccines suitable for human use gained urgency in 
the 1940s, with fears that anthrax would be used as a biological warfare 
agent. The current vaccine, Anthrax Vaccine Adsorbed ( AVA), was licensed 
in 1970 and was recommended for use by a small population of textile mill 
workers, veterinarians, laboratory scientists, and other workers with occu- 
pational risk of exposure to anthrax. In the 1990s, increased concern about 
the use of biological weapons led the Department of Defense (DoD) to 
begin vaccination of U.S. military personnel. Some troops were given an- 
thrax vaccine in the 1991 Gulf War, and a large program to vaccinate all 
service members was begun in 1998. By 2001 a limited vaccine supply, the 
result of delays in federal approval for release of newly manufactured vac- 
cine lots, had significantly slowed plans to vaccinate all military personnel. 
After the deliberate distribution of anthrax spores in bioterrorist incidents 
in the autumn of 2001, the vaccine was offered as part of the treatment for 
as many as 10,000 of the civilians who had been exposed. 

This chapter summarizes the basic pathophysiology of anthrax, reviews 
the history of anthrax vaccine development, and outlines the concerns that 
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have emerged on the part of some people about the adverse health out- 
comes that might be associated with use of the vaccine. 

THE DISEASE 

Anthrax is caused by infection with Bacillus anthracis, a gram-positive, 
nonmotile, spore-forming organism (Brachman and Friedlander, 1999; 
Dixon et al., 1999). Exposure to the spores of this one organism can cause 
three different forms of disease — cutaneous, gastrointestinal, or inhalational 
anthrax — depending on the site of infection. Cutaneous anthrax is the most 
common and the most treatable form; inhalational anthrax is rare but poses 
a much greater risk of death. 

Epidemiology 

Anthrax is found worldwide and is transmitted primarily through 
spores that are highly resistant to heat, drought, and many disinfectants 
(Dixon et al., 1999). It is primarily a disease of wild and domestic animals, 
especially herbivores such as cattle, sheep, and goats. Animals can be in- 
fected through exposure to spores in contaminated grazing areas, contami- 
nated feed, or infected carcasses (Friedlander, 2000). Humans in agricul- 
tural settings can be infected through contact with infected animals or 
contaminated animal products. Human infections also occur in industrial 
settings where contaminated animal products such as wool, hair, hides, or 
meat are processed. Most human cases in either agricultural or industrial 
settings are cutaneous. Inhalational anthrax is generally seen only in indus- 
trial settings because conditions where a sufficiently large number of spores 
are aerosolized in an enclosed area do not generally occur naturally 
(Brachman and Friedlander, 1999). Person-to-person transmission is not 
known to occur with inhalational anthrax and has rarely been reported 
with other forms of the disease (Friedlander, 2000). 

The worldwide incidence of anthrax in humans is difficult to deter- 
mine, but the annual number of cases in the 1980s and 1990s is estimated 
to have been about 2,000, down from an estimated 20,000 to 100,000 
cases in 1958 (Brachman and Friedlander, 1999). During the 19th century, 
"wool-sorters' disease," or inhalational anthrax, was fairly common among 
workers handling animal hides, hairs, or wools. Approximately 200 cases 
were reported in the United States before 1900 (Plotkin et al., 1960). Only 
18 cases of inhalational anthrax were reported in the United States in the 
20th century, despite evidence of extensive exposure of workers in goat 
hair-processing mills to aerosolized spores (Inglesby et al., 1999). In 1957, 
five cases of inhalational anthrax, four of them fatal, occurred at a goat 
hair-processing mill in New Hampshire. Vaccination did not become man- 
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datory for these workers until the 1960s and so cannot account for the low 
rate of inhalational disease (Inglesby et ah, 1999). 

Other forms of anthrax are also rare in the United States. Until the 
bioterrorist events in the autumn of 2001, a total of 238 anthrax cases had 
been reported since 1955; of those, 95 percent were cutaneous infections 
(Brachman and Friedlander, 1999; CDC, 2001a). In 2000, one reported 
case of cutaneous anthrax occurred (CDC, 2001a) and possible cases of 
gastrointestinal infection were associated with the consumption of con- 
taminated meat (CDC, 2000b). 

In the autumn of 2001 the United States experienced an outbreak of 
anthrax due to bioterrorism. Exposure to letters containing B. anthracis 
spores sent through the U.S. mail resulted in seven confirmed and five 
suspected cutaneous cases and 11 confirmed inhalational cases (CDC, 
2001 e). The victims included postal workers (Gallagher and Strober, 2001 ), 
employees of print and broadcast media organizations, and at least one 
infant (Roche et al., 2001 ). 

Anthrax has also been part of biological warfare programs in some 
countries. In 1979 in Sverdlovsk, Russia, an apparently accidental release 
of aerosolized spores from a military facility resulted in 68 deaths among 
79 individuals with reported cases of inhalational anthrax (Meselson et al., 
1994). 

Clinical Features 

The outbreak of inhalational and cutaneous anthrax in the United 
States during the autumn of 2001 produced far more clinical and public 
health experience with the disease than had occurred in many decades. Both 
the outbreak and the outcomes of individual cases showed considerable 
differences from previous classic descriptions. The anthrax spores appeared 
to have been processed intentionally to enhance their most dangerous prop- 
erties. They were finely milled and rendered nonpolar to maintain the very 
small particle size necessary for inhalation and to promote prolonged aero- 
solization. Naturally occurring spores tend to adhere quickly to each other 
and to surfaces. 

Improvements in both the speed of diagnosis and clinical management 
resulted in the survival of at least some of those who contracted inhala- 
tional anthrax, which would not have been expected on the basis of earlier 
experience (Brown, 2001). Analysis of this new information on the clinical 
course of disease was continuing as the committee completed this report. In 
particular, both the inoculum associated with infection in different indi- 
viduals and the duration of antibiotic treatment necessary for survival after 
infection remain uncertain. Although every effort was made to include 



so 



THE ANTHRAX VACCINE: IS IT SAFE? DOES IT WORK? 



been renovating biological, chemical, and nuclear warfare research sites 3 
years after barring international inspectors (Bohlen, 2001). In 1997, as a 
result of the concerns about biological weapons, then Secretary of Defense 
William Cohen initiated a plan to vaccinate all U.S. service members against 
anthrax. Immunizations began in March 1998 under DoD's Anthrax Vac- 
cine Immunization Program (AV1P). As of November 29, 2001, 522,529 
service members had received 2,098,544 of doses of AVA (http:// 
www.anthrax.osd.mil/Flash_interface/default.htmI, accessed January 11, 
2002). 

Implementation of AV1P has been slowed by a limited supply of vac- 
cine. Renovations were begun at the manufacturing plant in 1998, and 
BioPort, the sole manufacturer, did not receive approval from the Food and 
Drug Administration (FDA) for release of newly manufactured vaccine 
until January 31, 2002. DoD has been able to continue immunizations, 
despite the limited supply of vaccine, but not at the rate first planned. In 
July 2000, in November 2000, and again in June 2001, DoD slowed the 
anthrax immunization program, focusing only on troops thought to be at 
greatest potential risk (http://www.anthrax.osd.mil, accessed September 5, 
2000; Marshall, 2000). 

In the autumn of 2001, more than 30,000 civilians were potentially 
exposed to anthrax in bioterrorist incidents involving the distribution of 
highly infectious spores through the U.S. mail (CDC, 2001d,e). Beginning 
in December 2001, CDC began offering vaccination with AVA as a treat- 
ment option for selected exposed civilians. This therapeutic use of the 
vaccine following exposure was not included under the official vaccine 
license and is being monitored under the provisions of an Investigational 
New Drug application. As of February 25, 2002, the latest data available at 
the time that this report was completed, 192 people had begun receiving 
doses of AVA (Ashford, 2002). 

The committee emphasizes that this report is addressed to DoD and 
focuses on the licensed use of AVA for immunization before exposure to 
anthrax spores. 

CONCERNS ABOUT USE OF AVA 

AVIP and the product AVA have become focal points of great concern 
on the part of at least segments of the military and interested public. A few 
service members have refused the vaccine, at the risk of court-martial, 
because of their perception that it is particularly dangerous. 2 Among the 



2 Studies of service member's knowledge, attitudes, and beliefs regarding the anthrax vac- 
cine are being planned by CDC to help DoD to better understand and respond to such 
concerns. 
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concerns are complaints among Gulf War veterans of chronic multisystem 
clinical conditions that still lack a definable relationship to the anthrax 
vaccine or to other events in their Gulf War experiences (lOM, 2000b). 

The U.S. Congress has responded to these concerns, and hearings have 
been held in the U.S. House of Representatives and the U.S. Senate. 3 The 
hearings typically included several current or former service members (or 
family members of service personnel) who had raised concerns about the 
adverse events that they had experienced or observed or about the re- 
sponses of military health care providers to these concerns. The witness list 
usually also included officials from DoD or a branch of the military service, 
FDA, and sometimes the manufacturer of AVA. As noted in Appendix C, 
the lOM Committee to Assess the Safety and Efficacy of the Anthrax Vac- 
cine also held a public hearing to gather information from people with 
concerns about the vaccine. The IOM committee benefited from the per- 
spective provided by the speakers, many of whom also provided testimony 
during congressional hearings. The witnesses described persistent and de- 
bilitating symptoms ranging from fever, headache, and malaise to swelling, 
joint pain, and tinnitus, which they ascribed to the anthrax vaccine. Several 
witnesses also described specific serious conditions including hypogonadism; 
Stevens-Johnson syndrome, which affected their vision as well as their skin; 
and aplastic anemia, which proved fatal. In addition, many witnesses ob- 
served that when they reported their symptoms to medical personnel, the 
health care providers seemed to be unaware of the Vaccine Adverse Event 
Reporting System (VAERS) or unwilling to file a report with VAERS and 
often seemed to doubt that the vaccine could have caused their symptoms. 

AVAILABLE DATA ON AVA 

In its letter report of March 2000, An Assessment of the Safety of the 
Anthrax Vaccine, the IOM Committee on Health Effects Associated with 
Exposures During the Gulf War expressed regret over the lack of informa- 
tion about the vaccine in the peer-reviewed published literature (IOM, 



^Christopher Shays, chair of the Subcommittee on National Security, Veterans Affairs, and 
Internationa! Relations of the Committee on Government Reform and Oversight convened a 
scries of hearings in 1999 and 2000 on AV1P and on allegations that adverse event reporting 
to the Vaccine Adverse Event Reporting System does not adequately reflect the actual rate of 
adverse events. Congressman Steve Buyer, chair of the Subcommittee on Military Personnel of 
the House Committee on Armed Services, also held a hearing on AVIP, and the Committee on 
Appropriations chaired by Ted Stevens held a hearing on Gulf War illnesses, as had Congress- 
man Shays. The Senate Committee on Armed Services, chaired by Senator John Warner, also 
held 3 days of hearings in 2000. Those hearings were on AVIP and DoD's antibiological 
warfare agent vaccine acquisition program. 
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2000a). It listed an array of studies that were unpublished or ongoing that 
could contribute to the body of information on which conclusions regard- 
ing health effects could be based. 

As the study presented in this report began, representatives of DoD 
provided assurances to IOM that all relevant information from DoD would 
be made readily available to the committee and that efforts would be made 
to publish the data from completed studies. DoD and its investigators have 
followed through on these assurances. Most of the studies that have been 
carried out by DoD investigators to assess the safety and efficacy of the 
anthrax vaccine have now been written up as manuscripts and submitted 
for publication. Additional studies have been published since the letter 
report was released (e.g., CDC, 2000a; Gunzenhauser et al., 2001; Pittman 
et al., 2001, 2002; Rehme et al., 2002). In addition, one of the most 
important contributions to the committee's evaluation was in the form of 
analyses of data from military databases carried out at the committee's 
request. In accordance with its charge, the earlier IOM committee (Com- 
mittee on Health Effects Associated with Exposures During the Gulf War) 
reviewed only the published, peer-reviewed literature to reach its conclu- 
sions about safety. The current committee had a different purpose and as a 
result chose to review all the studies it was aware of and for which adequate 
descriptions of the study methods, data analyses, and results were made 
available. These studies are systematically reviewed in the chapters that 
follow. 

Several previous IOM committees evaluating possible causal associa- 
tions between vaccines or other exposures and specific health outcomes 
have chosen to describe their findings with a weight-of-evidence approach 
(IOM, 1991, 1994, 2000b). Their findings placed associations between the 
exposure of interest and the health outcome into categories such as suffi- 
cient evidence of a causal relationship, sufficient evidence of an association, 
limited or suggestive evidence of an association, inadequate or insufficient 
evidence to determine whether an association does or does not exist, and 
limited or suggestive evidence of no association. The current committee 
chose not to use that approach because it was not asked to evaluate expo- 
sure to AVA as a cause of specific health outcomes. Rather, the committee 
was asked to provide an overall evaluation of the anthrax vaccine's safety. 
In addition, its charge included addressing various aspects of the efficacy of 
AVA, as well as manufacturing issues, two topics for which a weight-of- 
evidence approach is not readily applicable. 
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h« h!?* f at f °/ immiJnlza « o n against anthrax: old vaccines mav 
be here to stay for a while mBS ma V 

Peter C.B. Turnbull 



Anthrax vaccination has become a 'hof topic. On the one hand 
fears that Iraq holds secret caches of arrthrax-basod weaponry, 
that other countries may be developing or may have developed 
similar devices, of that hard-line groups may make their own 
anthrax-based devices for bioterrorist attacks have focused 
official attention on the need for means of protection, principally 
though, for the military. On the other hand, the unsolved issues 
of the Gulf War illnesses have left elements of doubt in the 
minds of some as to the possible role of anthrax (among other) 
vaccines in this syndrome, and have drawn attention to the 
shortage of pre-clMcal, clinical, pharmacological and safety 
data on the existing UK and US anthrax vaccines. In the middle 
are those hotfy debating the US and Canadian policies of 
mandatory anthrax immunization for military personnel or, in the 
case of the UK policy of voluntary immunization, simply voting 
with their feet. Compounding matters have been the publicized 
failures of the US vaccine production facility and the less 
publicized UK problems of supply. Meanwhile, those in genuine 
at-nsk occupations are left unsure whether, if they can get the 
vaccine at all, they really want «. Despite two decades of 
elegant science aimed at formulating alternative vaccines to 
overcome all the problems of efficacy, safety and supply, such 
an alternative is at least live years away, and the current status 
•s that we must live with the old vaccinae or not vaccinate. Cu» 
0p»> Wed CV, lai 13-120. - «XX> U,>incon Wife™ 4 wakiro. 
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GIM 
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biological warfare 
US Department oJ Defense 
Gun War iUKSS 
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T helper . 
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Introduction 

The proofs of „-hat ultimately became quite a ,vcll- 
rcccived review on anthrax vaccines (I) arrived j„s t as 
the build-up to the Gulf War was beginning. and , ,/, thc 
consternation of the journal editor, ,|, c article was 
directed into cold storage by order from or, high. The 
oHcnd.ng statement, which the relevant authorities felt 
might not inspire ,f, c appropriate levels of confidence in 
allied fighting feces, was: \.. tests in animals have 
indicated that the protective efficacies or both l( 1c UK 
and US vaccines arc less than ideal'. 

Now, some nine years later, interest in thc topic of 
'rrunun.zation against anthrax remains integrally asso- 
rted with thc concept that, of the agents that mi^ht be 
used for biological warfare (generally reduced to thc less 
inflammatory BW) „ r biotcrrorism (euphemistically 
called Dcl.bcrate Release' in thc UK), anthrax and 
smallpox pose by far the greatest threats (2,3] Enhan- 
cing .this interest are the unsolved issues of the so^aJlcd 
Oulf War syndrome. 

Also heightening interest has been the increasing 
influence of the rapid communication channels, particu 
larly ProMED, and reference tn these generally non- 
ctwblc sources is unavoidable fnr an effective review of 
this topic. Compounding thc situation has been the 
revelation on 'the web' and elsewhere that thc US 
facilities tor predncing the US anthrax vaccine had been 
(ailing for some time to meet Food and Drug Admin- 
istration production standards 14-6]. Although it is not on 
the web or otherwise publicized, practitioners and others 
who have wanted to obtain the UK vaccine for at-risk 
occupational needs over the past two years have noted 
the existence of problems here also. 

If these factors and situarions are seen metaphorically as 
a gasoline-soaked bonfire, then thc match thai turned 

rr^n^ an r! nf T° *"* lhc l ' S Dc P*»°™t of Defense's 
(DoD) DoD-w,dc anthrax immunization directive issued 

So M ScS'r 1 ' WMam S ' (;ohcn i" December 
1997 |7,8«,9.10J. Under this, the full course of anthrax 
vaccination, some six doses over an 18 month period 
became mandatory for all serving US military personnel' 

LT . an "- pt0p *** nd * rj * cd in formal and 
mforrnal media and the requirement remains a major 
hone of contention. It seems that Canada adopted a 
similar mandatory policy for its troops J3.ll] ITic UK 
Min.stry 0 f Dcfencc watched ^ dcve|opmcnts ^ 
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interest and came up with a non-mandatorv alternative 
W. In that there is often not a lot of enthusiasm on the 
part of i mine,, for successive doses, ihis approach has 
its own inherent problems f 12, 1.3). 

On the sidelines to all of this are the individuals in at- 
risk c.i,,,an occupations, whose fear of the disea.se has 
increased iv,th the hype about B\V and bio,errori, m 
while, ar the same time, having their concerns about 
vaccinanon raised. 

The remainder of this review attempts ,o put the present 
and future of anthrax immunization into a balanced 
context. 

Current vaccines 

In its natural state, anthrax is primarily a disease of wild 
or domestic herbivorous animals. Humans are incidental 
hosts and. w,th the exception of rare eases in the pas, of 
laboratory-acquired infection, almost invariably conu-act 
the disease directly or indirectly fro t „ animals that ha» e 
d.cd of ,t It has long been recognized that the best 
method o, control of anthrax in humans is control in 
livestock; fundamental to control in livestock is vaccina- 
tum «„d a well known landmark in historv was Pasteur's 
a nthrax vacanc J-H]. though still used 'today-Tn-I^v 
Pasteur s vaccine, based on ^psujjun^non-roxigenic 
m.uant dcrivauvcsJ ^Tindcn^^ 

J,^ 1 ^ bY lhc toxigenic, non-cansularin ,, 

c, by ,ts analogues used ioTou^cTo? 
the former USSR and in China. 

ESmai^i^g although hignly $uccessfljl | 

tcducng anthTaTW a major global problem to 
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volunteers |1/J. Anaerobic incubation as a procedural 

? ?r/;? lify lar » ,c Potion was 
adopted 8 and the 528 medium modified, via 599 
medium to 1095 medium |20.2I|. However, it was 
fo und thar protective antigen (PAL jn ^El^obi c 

adsorpnon onto ul ajnh^^ 
^adopced,nstea dl22J^t this pouiTrfe vaccine L 

trio of /r 7'^ m u P3CeUt *- 20 »-*» Ml hut the 
I?" I aM *.™i, t0 be uscd ha ° ™k been decided. 
Uumarely, strain V770-MM-R, a rough, noncapsu- 
lated i on-protcolytic variant of a bovine isolate in 
Honda ,„ ,951 124), was adopted and rodav's Vs lZinc 

product licence „o. 99, is an a.hydrogel-adsole I cZ C 
free culture filtrate of VTTO^K, gr0wn anacrobi " ^ 
in a lermcnter. It was licensed in 1972 for administration 

u 0 set S ch H at " riSk ° CtUPad0nS {25); '* » «* «S3S 
use , n ch.ldrcn or pregnant w 0lnc n [26] but, at present 

^vaccine is not availab.e for civilian £ 



The U K v accine (licence numbers 1511/0037 and 00S8) 
made today essentially as first formulated in 1954 1281 
went through a relatively simple evolution, ZZ 
immcd lat cly from the Wright and colleagues 16-18 22 
24] ? cc.nc ,,, that^rcin jivdrolysate was nefcrr^ 
ssruhenc ,28 mcliiuln-mTl^ siniin^f l? 
^^TOThcosttcj. ) he aerobic s«*^~?t 

cuhuTe V ft mC$ mCdia i Wi * 3,,,m ****** oft," 

mtr,Kl uce d tor workers .« at-r.sk occupations in 1965 (291 

IzLt Z rn hUn T U$C ' n 1979 aft « biolog j 

SSiiSc u thc E,,ropcan Dirc « ive 




clauvely mmot. but ongoing, nuisance, have always 
been assorted with a rcsjdjaal_v^^ occasional 
casualties among animals TcSnTThTnTled to then 
being regarded as unsuitable for human use in the West 

fo Lw HQ^r," CC|uh ' 3,enU are China and the 

- fom cr ,,SS «> It military interest after World War II 

resulted in the extensive work at Porton j« the 

niSJn ^ tl>C l ' SA i0 11,0 19505 » d€ >clop 

noq-Ji\ itij/ vaccin es. K 

~ C rh°° d Comn,unic,tion b ^«cn thc UK and US 
groups, the cm C rg e „ t vaccines, although analogous in 

S US Se? r^'T aW Slig ' U,y route* 
Ij ie l JSvaccm c. from the start, was based on culnircs in 

iuiej. initially, 528 medium' vras used 1161 Ai„™ 
precipitation of the filtrate was found to"! 
and enhance the immunizing potcndal , n mice 1161 and 
to induce effective immunity- in rabbits, guinea 2, 
*nd monkeys, as well as being well tolerated^ humfn 



In the former USSR. ,hc potential of BW was again the 
driving force behind the development of their live $ ' re 

strain o 1 1-1, analogous in its derivation to Sterne's 34F? 

It was licensed for administration by scarifie d 

and by subcutaneous injection in ,959. An analoioo! 

Sv« wiS, ? " CO '7 triCS haVC nCt COn — them! 
selves w,th die need to produce a human anrh™ 

needed for the few persons m S criou$ly at-risk occun, 
tions (prmcpal.y laboratory workers), h^JSfZ 
bc,„g able ro obtain the US or UK vaccines! 

Efficacy of current vaccines 
Human data 

Thc need to revisit this historv f* r . 

anicle lies in d lc fact that r£ ^ • I J""'™ Status ' 
in d«- i n ,rr^" ongoing debates alluded to 

of ^. ,0trodl '" ,on evolve around the clinical evidence 

UK andTs a™ *££ ^ ° f ^ ^ 
accincs. Because urgct populations for 
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£Z! ?rh n °". Vin r J1,y ,,np ° Xsib ' c m tomifv for 
"man .uuhrax and jolun.ecr tcscs a(c 

c ncstion. nnic-h s made of th* „ • ■ - 
uhen i In* re . in.ormaiwn obtained 

*hcn «Jk IS iwcinc «Us firs, introduced into mills 
ptoccss.ng animal products Iron, amlnax-endcnic arc 
» the world |19J. ,,, a comparison „, mil , ^ 

degree o» effca.vcoe.ss a ga„ m thc cllti , nco<ls fofm f 
anthrax was to„nd among those w|, 0 had had the fall 
course of* dose; fa„r case, occurred in pel" 

fait v • T " ,p,C,c c ° urscs - b,,t unc !« - 

lulls vaccinated person. The problem in viewing these 
data today however, is that rhe vaccine used w^ an 
ah,m-prcc,p„ated culture filtrate of Slra i„ Z 

S«ent!?- l " V77 °- NP, - R) in *" '«««um. 

m-!\ i I. " >n prutcdl,rcs Ranged in 1990, which 
may also haxe altered the final product J33J lie 

TZ*Z "| tHC ™ dnc ' thi ™«*«. h** been 

"ccinc .,„H f bcnZ r thonium - hl ^c in the current 
nut 1 f0 [ m;,ll "-.» 0 "- '"<-'»dcd as a stabile, w as 
nut pre.cn, , n the or,g,„ a | vaccine. The vaccine assessed 

Horn the licensed vaccine in use now [6 8" 54 351 an H 
"o equivalent trials were performed w„h £~ 5*42 
vaccine |6,36|. However, no cases of anthrax hav^n 
recorded in individuals who h.ve received two doseT" 
the current vaccine with seven ur more dav S e.a Ps in C 
since the hat dose or three doses, regardless of the r me" 
elapsed since the third dose |35J. 



Currant status of i m m„„| iatjo „ agalnst snthrM Jwj ^ 1 |g 

vaccine but later those carried out in the J98.)s after thc 
Wdlovsk .nadent |3«>] had re-awakened concern abot , 
tt « ° f a ' UhrJX 85 8 BW Returning 
fas aS 2 StatCmCm T the I™** Waph of 

-t in the SSrri 11 " P /° tCCrion " wd « 

t m tne iMih to 1960s involved challenge with ,hr 

* "Hum strain, or derivatives of it, a $aam " C 
origin except that it was isolated " " 
Oxfordshire before World ^ " ln '° 
became clear in studies, mostlv with guhJ oi J ! I « 
as being both highlv susceptible a „H ^ * SC " 
the Volhnn stranV was 2£2h ' "T^""" *» 

protective effects of the Tec nc LH qU r tCm '° thC 
ochereha„en g e strains 

vaccines were somewhat less impressive (1,40) 

conccm^'h * ?" W " a " d with ^"tinued 
concern that anthrax could be the weapon of warfare or 

tetronsm further studies were cnfcTout . *£ L c 

concerting on the animal model i„ vvh th P 7o ec "n 

SffT^L" 1CSUS maCS,t,UeS ' 4 1,42 "I — rabbits 

de K ree of Vro^'r PPC ". fS " bc ab ' C C0 confc ' • «'Ch 
oegrcc of protection against the Ames strain „f r> 

^m„ s which is among those that appe r to overcome 
vuccne-mduced immunity i„ g n H ,ea ^ qui « ' £S£ 



No such studies were carried out on the UK vaccine Its 
apparent value was confined to observations that the 

uiUiismcs xv here vacemat.on programmes were in oIae e 
whereas infection ra , cs outside these trades r J 
gardening enthusiasts, remained £^7J*^S 

Si™T^SKf cascs dcc,incd ^ " 

J^»I-6o and 1976-o0, corresponding in time with the 
•nttoduetion of the ^ecine [38]. Thcfe is alsT no « e on 
rcco rd of anthrax in a human vaccinated TwTthTbK 
xaeone. However, there arc, of eouise, a number of 
other factors to which the declines in anthrax cWd £ 
attnbured. and simitar declines were o«ST„ ShS 
conntnes of Europe and Scandinavia rha Z a Z u t a 
human vaccine. a 

In the vase of the STI-1 vaccine i„ the former lm<?R 
finod target populations for clinical „£ 33 5f£ 

riid ;^- 2% wc ° f e,rcctivcness « "PP-n^ 

Animal studies 

By and la W the efficacy of, he UK and US vaccines h 
been judged o„ the results in animal stud eT S n 
'hose cued above associated with the de£n 72 



?a?cinCs PefCClVed Pr ° blems ^ th * ^rrent 

Both the UK and rh<* HQ 

u^u uc reqmreti for a new product to be iic^^A 
today were never cencwtcH Tk^ , . Ilcensc <l 
a^,i Lrc A,cncratccJ. J he production Drocew^ 

nuke batch-to-bateh ^kCSS S 
monitor effectively, a.d this Ls uZZ 
constraints of biohazard level 3 (ACDP « * 
onder wluch thev have to be dhkwJ T^i C ° ata,nmcnt - 
the final produei are pooriv defined £ 00,110018 ° f 
adsorbed or ,~*J2£tt3 

tsVr^r r ys of dct r ininfi -ss 

. ^"«njrc m protcjn-ba.$ed media rl,^ iTir 

and five drover ts Tf^r ^ (sbf 
c uo^cs over 1« monrJis for the US and Ilk' 

mose used in thc pnntotc tests bv whi.-h ■ 
were originally judged efficacious VaCQnCS 

The vaccines arc also assori ucH -,;,(, . 
renctogeuicitv Alrh« k i oomplauits of 

togetucity. Although this rarely exceeds mild 
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cryrhcinu and soreness and swelling ar thc sitc of 
.njoct.on lasting 2 or 3 days, this is a primary reason for 
objec tions by members of the US (and Canadian) armed 
lorees to ihe mandatory vaccination poliev (7 1 1 1 The 
package insert of the I.S vaccine cites a W/c rate of 
mdd load reactions and a 4% rate of moderate local 
reactions with a second dose, and medical monitoring of 
mvr a m.llion military personnel deployed recently in 
the Gulf region found short-term effects commensurate 
with tins |44J. Jn a voluntary programme, such as that 
offered by the UK Ministry of Defence [45J. rcacto- 
Scmeity is a major reason w hy relatively lew recipients 
will receive the full immunization course [\Z\ The 
safety of the vaccines, however, was never seriously 
questioned {6J. and even those basically opposing the 
decision to vaccinate all 11$ armed forces personnel 
have not really attempted to do so on thc grounds of 
safety, beyond the fact that the published safety data 
are limited |8",46.47]; this was officially addressed |48- 
30] Other clinical reasons for opposition have been thc 
lack of efficacy data in primate tests against a wide 
enough range of challenge strains (51], although a 
broader list of reasons why a vaceine against anthrax 
m.ght not be particularly useful in the context of 
aggressive use can be drawn up (»••]. 
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It is an observation in passing that 'in more than 30 
years experience no instances of adverse effects 
following thc use of the (Russian) STI human vaccine 
were recorded' (30). No information was found on die 
t'liincse equivalent. 

Gulf War Illnesses 

Although 'some Gulf War veterans are suffering from 
unexplained illness they believe might have been 
caused by anthrax vaccines that they received during 
the war f/.|, and fear of the development of Gulf War 
illness (GWI) is recorded as a reason for the poor 
uptake of offered vaccine among British military 
personnel |13], ,hc US Presidential Advisory Commit- 
ice on Gulf War Veterans' Illness concluded that 'it is 
unlikely that health effects reported by Gulf War 
veterans today arc the result of exposures to . ant hrax 
vaccines, used alone or in combination- (52J. It was the 
, ,V Cncral hunting Office's assessment (52] that 
the D£w*n. of Defense did not adequately monitor 
d.e effects of rcce.vin A multiple vaccinations, but 
avcrail. the voluminous documentation on GWI has 
y bent heavily towards incriminating antluax vaccine 
*r* ,n th,s syndrome However, according to Nass 
8 J, qucsuons persist regarding its role in thc 
ievelopmcnt of GWI. 

Jespite regular updates on thc w c b (http://www.mod. 
^/policy/Kulfwar/index-htm), the UK government has 
ct to issue its conclusions on thc role, if any, of vaccines 



'« (AVI. However, much has been made of thc 
combmed use of the UK vaccine with the whole cell 
pertussis vaccine [8".53'|. and similarly of suspicions 
de,,.cd b ? D»«> 154J, .hat unlicensed anthrax vac-cine 
formulations with squalencbased adjuvants, shown in 
amma tests to give good protection, had been given to 
I S soldiers at thc time of thc Gulf War. This revolved 
around claims of anti-squalenc antibodies in many of the 
patients (8-.53-.54]. I, was also focused on in the 
popular literature [55J. The scientific basis for thc 
possible adverse effect of the confirmed UK/ P crtussis 
combination or the putative US/squalc„ c formularion is 
put down to a shift in cytokine balance from T helper 
(Th) type 1 ,o Tb2 cells (.sec below) as a resnl, of he 
novel additions (8*' 56). 

New vaccines? 

Concerns that arose in the 1980s after thc Sverdlovsk 
incident about the efficacy of the exisring human 
vaccines in the West, and the GWI debate and 
opposition to mandatory armed forces vaccination this 
past decade have focused attention on the lack of pre- 
corneal, clinical, pharmacologic! and safety data on 

£" C ,rr ine ,* C ri iderable fundin S has Rone into 
research directly or indirectly concerned with developing 

next-gencrauon vaccines that would meet the current 

production, efficacy and safety criteria, as well as having 

improved performance characteristics. 

From the production standpoint, the new vaccine needs 
to be fully denned with quantitative methods of 
analysing the components, clear standardization, and a 
production method that ensntes batch-to-batch rcp,od.,- 
c.b,|,ry. With this will come die means of generating the 
desired pharmacological data (rate of distrihurion in the 
body, half-hfe, immune response details, etc.), safety 
data and data on shelf-life. In addition, it is frequendy 
claimed that the reactogenicity associated with anthrax 
vaccines wi« be reduced or eliminated in yacemcs 
lacktng the non-active ingredients inevitably present in 
the current versinns. Further targets are to obtain 
unequivocal efficacy in a shorter time period and with 
a much simpler dose regime than current regimes, the 
ultimate bems a single orally administered dose, and that 
.t should be part of a single vaccine against multiple 
agents. Finally, of course, it should be cheap. 

As reviewed previously fi], , hc rcsults of 
mtens.ve research in the 1980s were putative proto- 
types, which could be broadly divided into s. bunic 
vaccines, based on purified PA with what was then 
viewed as 'cell-mediated immunity-stimulating' adju- 
vants, recombinant vaccines in which the cloned PA 
gene was expressed in a no«-pad,ogc„ic Bacillus species 

ZteZ Z " T' n ' S ° r V3CCinia ' « '' vc vaS 
»Mng h.ghly attenuated versions of the Sterne strain of 
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n. .mbvrh. Interest jn c|inica| lr . )Is w3!i nm for£h 
coming at that point [I J. and subsequently rhc 
•numiauoiu levelled ar the Do!) ,|, at .^ualcnc^based 
vacones (anthrax vaccines implied) show th ai progress 
on tlie subunir. vaccine praised. which mouIJ have had 
a uiinlenc component, would probablv have been 
short-lived. 

The 199fti have seen much more in-depth science on 
the baste immune systems behind the response to 
anthrax vaccines, accompanied by considerable advances 
•n the understanding of the nature and role of the 
components of the anthrax toxin in the molecular 
pathogenesis of the disease by means of verv elegant 
molecular studies. Accepting, a, staie d earlier, that there 
is no target population for clinical trials or other means of 
directly determining the efficacy of an anthrax vaccine i„ 
humans (we ea» dismiss (57] the slishtIv 
suggestion by one group 145] of double-blind trials), 
the most up-to-date knowledge and techniques in the 
rapidly advancing field of immunology are being applied 
to looking for markers of protection that would, at the 
end of the day. be aoccprablc to licensing authorities. 
I assivc protcct.on tests have long indicated a role for 
antibod.es in protection [58], and progress has been 
made towards identifying specific isotypes that may 
provide markers of protection |43.59',60j. 
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1/2.7. 741 to hschmcM,, roli |75'|. Also propose,) ; ,v rhc 
poss.ble aeuxe mgrcdiem is a mutant Mfltui \| .„,„;„.. 
oi the I 'A molecule. Coned i n fi. ah.c ZZ v 

protective immunity but unable to hind 1. 1- or I-K „, tl 
therefore incapable of being toxic [7t,|. A, „idi„g rhc »s C 
of A. , t „rir«*s does away „ ith lhc requirement to la rn 
out prodnctton procedures at biohavard level 5 ul.jch 
places exua burdens on staff and facilities alreadv 
attempting to meet increasingly stringent regulatory 
requirements for pharmaceutical production. In the 
meantime moves towards subsequent generation vac- 
cine* arc a ls„ »«dcr way with a vfcw ^ ^ dcvd 

o« oral 1,7) and D.NA vaccines {78,79]. An ever better 
understanding of the mechanism of the toxin a, the 
subcellular level I80-.81 j will be an aid to this. Exciting 
possibilities also he ahead for the use of the anthrax 
toxin for vaccination against other conditions, s „ch as 
cancer JfiZJ antiviral immunity [83] or for immunothcr- 
apy [84-86]. 



I roblcms here again lie in extrapolating animal data to 
humans and in the increasing opposition to, and 
problems assoctated with, challenge tests in animals, 
particularly non-human primates, reasonably regarded as 
the most relevant for human needs ]61J. The new 
knowledge that the macrophage is central to lethality in 
anthrax, through its toxin-mediated release from these 
f 1 S .^ T P° te,,t '"flammatory cytokine mediators IL-l/f 
and rN - -a, resulting from overload of reacdve «xy K cn 
mtetmedratcs 62-.63I. and further in-depth studies on 

phages [64-67] are providing a much clearer idea of what 
we are trying to protect against in prophylactic strategics 
Meanwhile, one hypothesis suggests that the differences 
in degrees „f protection afforded by the US and UK 

' fot « uinca and macaques, are 

attnhutable to differences in Thl and Th2 responses i„ 
different species to antigens delivered with aluminium^ 
based adjuvants. These adjuvant* pn , m ote ThZ re- 

a£out C thr^S a , m,y m ' ' >Ut * VCt - ,itc " " ^ 
about the Th1/Th2 system in guinea pigs f59*]. 

Favourites for the next generation vaccines are subunit 

m£ VI r K aCdVC '" n * rcdi «" " -hole-length 
8>000 M r ) recombinant PA, although the host organ- 

[42 69.70) or stra.n ANR of B. anthrad: through 
Mb by means of two cloning appmac t 



Protective antigens 

The PA component of the toxin has long been accepted 
as the molecule fundamental to protective immunity 
against anthrax, and it is well established that effective 
protection can be induced in various species by purified 

. W,th . 3 * u,,at,,c adjuvant. Clarification of the 
universality of PA is comforting i„ t | lis regard [87| 
although concerns were raised by the engineering of . 

workers |8KJ. Dissection of PA to identify the active and 
potentially useful regions continues [64,89-91] as well 

based ;7n I ', i H C " h " ICSS ' ° thCr pOS$ib,C 

based candidate antigens continue to be looked for as 

among other things, possible enhancers of vaccine 
efficacy; examples of this are the S-layer EA1 and Sao 
proteins 98^,01]. l>eve.opmen,s are ,ike,y to m Se 
great strides in the foreseeable future with tL eompt! 

which carry the genes for the currently known R. 

flt^T T?^ K ' the Wxin and «P'"Je 
J. and the genome sequence is eagerly awaited in 
year 2000 1 103 -J. awaited in 

Veterinary anthrax vaccines 

'n>e dramatic success of the Sterne livestock vaccine 
™ to " ri,cr as """in* "aniral ^thrax from a mfr 
world problem to a minor world nuisance since it was 
introduced ,n the 1940s, has meant d,at there has beln 
ht le interest .„ development work in veterinary anthrax 
vaames. Nevertheless, the vaccine has a number of 
ft-hngs ,n terms of safety, virulence in certain species 
he potentta f 0r environmental contaminatio,rthe 
limited durauon of efficacy, ease of administration 
wdd anrmals and so on, and new looks at possible fun. e 
modern altemauves [304] are welcome. 
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Conclusion 

The greater proportion of this review o n the 'Current 
status of immunization against anthrax" has dwelt on two 
old names and their histories, compacting the decant 
science of the past two years into series of compressed 
paragraphs. The reason for this is thai, bv nature of the 
regulatory procedures required before a vaccine can be 
licensed, there h not the remotest chance that a new 

" n 1 ?. rax , V accine w ' m bc on thc shelf this side of the vear 
Mb, although the author would be as pleased as anvone 
li this pcssinnsm was proved w,on fi . The motivating 
lorce behind the dev elopment of a new vaccine, or new 
vaccines, is protection aeainst the porential aggressive 
use of anthrxx. and is targeted, therefore, almost 
exclusively at troops or other selected defence person- 
nel. However, rhc creation of new bioweapons could 
always outpace development of such new vaccines f8"] 
and so, in the meantime, the current situation can be 
summed up in the statement that -debate will continue 
on the use of the old Tj\S and UK vaccines'. 
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Most livestock vaccines in use throughout the world today 
JOV immunization against anthrax are derivatives of the 
live spore vaccine formulated by Sterne in 193 7 and still 
use descendants of his straw J4f 2 * Credit belongs to this 
formulation for effective control in many countries with 
considerable reduction, sometimes complete elimination, 
of the disease in animals and, since man generally acquires 
it from livestock, in man also. However, there are some 
contraindications of its use and situations in which it cannot 
be easily administered, and room for development of a 
successor is discussed. The human vaccines, formulated for 
at-risk occupations and situations, date from the 1950s 
(UK vaccine) and 1960s (US vaccine). The rather greater 
need for improvement of these as compared with the 
veterinary vaccine stimulated valuable research during the 
1980s which has led to a number of promising candidate 
alternatives for the future. 



EARLY LIVESTOCK VACCINE: 
PASTEUR, CARBOZOO AND STERNE 

Some 80 years after Jenner's celebrated vaccination and 
publication of An Inquiry Into the Cause and Effects of 
Variolae Vaccinae (Sampson Low, London, 1798), 
microbiology's founding fathers had begun the first 
systematic studies on protection afforded by vaccination 
against a number of the most troublesome animal 
diseases of the day. Most noted of these were Pasteur's 
demonstrations of protective immunizations against fowl 
cholera in 1880 1 , anthrax in 1881 2 (Figure /) and rabies 
in 1 885\ In fact, in the case of anthrax, close examination 
of the records 4 has revealed that credit for the first 
recorded demonstration of protection induced by attenu- 
ated strains of Bacillus amhracis really belonged to Wi>. 
Greenfield at the Brown Animal Sanatory Institution in 
London 5 - 6 . 

It was, however, Pasteur's vaccine schedule that 
became adopted for use. This involved two inoculations 
2 weeks apart. The first dose consisted of B. anthracis 
cells from cultures which had been incubated at 42— 43°C 
for 15-20 days (Pasteur I vaccine) and which was 
pathogenic only for mice and young guinea-pigs. The 
second dose consisted of cells from cultures incubated at 
42~43°C for only 10-12 days and which were rather less 
attenuated (Pasteur II vaccine). 

The Pasteur duplex vaccine became widely used for 
cattle and sheep in Europe and South America over the 

Anthrax Section, Division of Biologies, Public Health Labora- 
tory Service Centre for Applied Microbiology and Research, 
Porton Down. Salisbury, Wiltshire SP4 0JG. UK 



next 50 years. In the r920s and 1930s, the procedure was 
modified 7 . First, in the 1920s suspension of spores in 
50-60% glycerine was found to increase longevity and 
improve the immunizing efficiency of the spores and the 
double Pasteurian vaccine was replaced by single 
vaccines consisting of spores suspended in 50% glycerol. 
The strains were attenuated to such an extent as to 
be non-virulent for rabbits but virulent for guinea-pigs 
and the intricate manipulations needed to meet this 
requirement rendered these vaccines impractical in the 
long run. In the 1930s, the practice of adding saponin 
(1-10%) to the Pasteur II or other virulent or slightly 
attenuated strains was introduced. Saponin at these 
concentrations provoked a violent inflammatory response 
at the inoculation site which limited generalization of the 
anthrax infection. 

As reviewed by Sterne et a\. (1939)®. there was an 
epidemic of reports between 1929 and 1937 on the 
application and merits of vaccines consisting of spores 
from isolates designated as having various levels of 
virulence suspended in 4-10% saponin which was 
reported to neutralize the virulence. Particularly popular 
for a while, it seems, was *Carbozoo\ initially produced 
at the Istituto Sieroterapico Milanese and later in the 




Figure 1 From an original monograph on anthrax vaccination entitled 
Vaccinations Preventives centre te Chartx>n du Betair (Compagnte de 
Vulgarisation du Vaccin Charbonneux Pasteur) 1886. The operator is 
probably Louis Pasteur himself. (Photograph kindly supplied by 
Or J. Ezzell.) 
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USA by Lederle and alleged lo consist of a fully virulent 
strain of B, anthracis (but which Sterne et aL B considered 
to be somewhat attenuated) suspended in 10% saponin. 
Apparently no fuller details were made public as to its 
constitution or manufacture although it was claimed to 
be almost innocuous for guinea-pigs and harmless for 
rabbits. 

Carbozoo was evidently quite effective in terms of 
protection but the high saponin content appears to have 
resulted in unacceptable ad verse reactions and presumably 
it was this that was predominantly responsible for its 
disappearance from the market. In detailed studies on 
this vaccine and on the influence of saponin on 
protection, Sterne et al* concluded that the value of the 
saponin lay in the significantly enhanced protective 
immunity rather than the only slight reduction in 
virulence it produced and they 'suggested that saponin 
should be used with mild strains (meaning more attenuated) 
to improve immunity, rather than with strong strains to 
reduce virulence*. They also demonstrated that the high 
concentrations (10%) of saponin considered necessary 
by the protagonists of Carbozoo were in fact unnecessary 
and that 0.5% saponin was effective while being 
non-reactogenic. 

Although effective and serving their purpose well for 
many years, the heat-attenuated vaccines suffered from 
declining potencies 9 and troublesome variations in 
virulence resulting in occasional untoward losses among 
vaccinated animals and they could not be administered 
safely to certain particularly susceptible species 10 . 

It was, in fact, Sterne^s own live spore vaccine*" 12 
I which in the long term became the world's most potent 
weapon against anthrax. The strain used was a rough 
a virulent dissociant derived from subculture of an isolate 
from a case of bovine anthrax on 50% horse serum 
nutrient agar with incubation under a 30% C0 2 
atmosphere for 24 h 10 . His final formulation consisted of 
600 000-1 200 000 spores ml " 1 suspended in 0.5% saponin 
in 50% glycerine-saline 12 and apart from the spore 
content of today's products being ± 10 7 ml" 1 , the 
formulation of livestock vaccines used in most countries 
of. the world today remains essentially as specified by 
Sterne and still uses his strain 34 F,. 

RESIDUAL VIRULENCE IN LIVE 
VACCINES 

Vaccine protection studies, quality control tests and 
reports from the field all bear witness to a residual 
virulence in attenuated live spore vaccines. The dose 
required to give a protection level against virulent 
challenge approaching 100% in guinea-pigs frequently 
results in a , proportion of deaths from the immuniza- 
tions 13 " 15 and LD 50 values of as low as I0 3 spores were 
found in certain inbred strains of mice 16 . In the field, 
special care has to be taken when vaccinating certain 
species such as goats and llamas, which appear to be 
more susceptible to ill effects from the vaccine than other 
domestic herbivores. 

HUMAN VACCINES 

In the USSR, a live spore vaccine, reported to be a Sterne 
strain vaccine 17 , is produced for human use by the Tblisi 
Scientific Research Institute of Vaccines and Serums, 3 
Gotu Street, 380042, Tblisi, USSR. The vaccine is 
administered by scarification of the skin of the shoulder 



Table 1 PA, LF and EF contents of existing licensed UK and US human 
vaccines* 



Direct measurement - UK vaccine (alum precipitated) 
PA= +5 //g/0.5 ml dose* 
LF«= ±2.5 //g/0.5 ml dose* 
EF= trace" 

Indirect measurement — antibody titres in human vaccinees and 
immunized guinea pigs (mean values of accumulated readings 
detailed in references 14, 20 and 39) 









Titres 




Vaccine* 




Anti-PA 


Anti-LF 


Anti-EF 


Humans 


UK 

US \ ... 


1024 
8192 


1024 
Neg. 


w- 

Neg. 


Guinea-pigs 


UK V 
0§* » * 


16400 
32800 


8192 
16 


512 
Neg. 



•With the UK vaccine, direct measurement was possible since the alum 
could be dissolved out with 0.05 m citric acid and the values vc riled by 
comparison with pre-prectpitated vaccine (the UK vaccine is made in 
the PHIS Centre tor Applied Microbiology and Research for the 
Department of Health}. With the US vaccine (aluminium hydroxide 
adsorbed), no way was found of dissolving off the aluminium hydroxide 
or of otherwise separating it from the antigen; consequently, the PA, LF 
and EF content can only be inferred indirectly by comparison of antibody 
titres in immunized humans or animals. 
"Turnbull. unpublished data 

C AII 2 weeks after a course of three bi-weekly doses (0-5 ml in humans. 
0.25 ml in guinea pigs). 

'Weak reaction; below level at which a litre could be assigned 

through a 10-20 u\ drop of vaccine containing ±4 x 10 8 
spores. There are, however, numerous patient conditions 
in which it is recognized in the manufacturer's recom- 
mendations that the use of this vaccine is contraindicated. 

In the western world, the live spore vaccine is 
considered unsuitable for administration to humans and 
vaccines developed for this purpose in the UK in the 
1950s and in the US in the 1960s remain in use today. 
The UK vaccine (licence no. 1511/0037, Department of 
Health, 10 Russell Square, London WC1B 5EB) consists 
of an alum-precipitated cell-free filtrate of Sterne strain 
cultures grown so as to maximize the protective antig en 
(PA) content. The US vaccine (product licence no. 99, 
Bureau of Laboratories, Michigan Department of Public 
Health, Lansing, MI, USA) is an aluminium hydroxide- 
adsorbed cell-free filtrate of cultur es of a non-capsulating, 
non-proteolyttc deriv ative oT" strain V77Q from a case o f 
bovine anthrax in Monaa in 19M ia * lv . This strain is 
alleged to produce PA in the relative absence of other 
anthrax toxin components, the lethal factor (LF) and 
oedema factor (EF). and culture conditions are aimed at 
further reduction of any LF and EF. Recent serological 
studies have supplied evidence that the PA content is 
higher and the LF and EF content is much lower in the 
US vaccine than in the UK vaccine 1 *- 20 (Table 1; also 
see below). 

EFFECTIVENESS AND IMPACT OF 
ANIMAL AND HUMAN VACCINES 

As reviewed by Sterne et a/. 8 the many trials on Carbozoo 
and other saponin-suspended live spore vaccines in herds, 
many of them large, of cattle, sheep and horses 
demonstrated almost dramatically the protective efficacy 
of these vaccines; marked reduction or complete absence 
of cases was reported in herds that hitherto had suffered 
major losses from anthrax.. Trials with his own vaccine 9 ' 12 
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on the impact of the spore vaccines in South Africa over 
the period 1925 to 1941 highlighted the effectiveness of 
his vaccine. The reduction in catastrophic outbreaks of 
earlier years brought about by the forerunners to Sterne's 
vaccine made farmers more critical of the reactions 
cau6ed by the vaccines. Attempts to reduce these led to 
a loss of potency and the resulting upsurge of outbreaks 
in 1934-36. Following replacement of the old vaccines 
with his new 34 F 2 vaccine, the downward trend com- 
menced again. Now, as then, farmers and veterinarians 
will testify that the vaccine will effectively cut short 
outbreaks. 

It is much harder to produce data demonstrating and 
quantifying the effectiveness of the human vaccines. In 
this country notifications of human anthrax were already 
on the decline at the time of introduction of the vaccine 
(Figure 2), presumably due to improved factory hygiene 
and monitoring with, where appropriate, sterilization of 
imported animal products. 

At a time when the US vaccine was being introduced 
into factories concerned with processing animal products, 
Brachman et a/. 2 1 found it possible to compare case rates 
among workers at risk in four mills who had received 
the vaccine and those that had not. Of 26 cases, occurring 
over a 4-year period, only one occurred in the group that 
had received the full course of the vaccine; four cases 
occurred among those who had received only part of the 
vaccine course and the remainder in those that had 
received no vaccine. The data indicated a 92.5% degree 
of effectiveness. 

The study of Brachman et aL 2t remains the only one 
supplying hard data on the effectiveness of the vaccines 
in humans. However, with all the usual cautions that 
must be applied when extrapolating data from animals 
to humans, tests in animals have indicated that the 
protective efficacies of both the UK and the US vaccines 
are less than ideal (Table 2) 13 - 20 - 22 - 23 . The differences 
observed in the different studies summarized in Table 2 
are attributable to challenge strain differences, the use of 
different batches of US vaccine and differences in the ages 
of the guinea-pigs used, but all serve to underscore the 
need for improved performances. 

RESEARCH INTO NEW VACCINES 

Overall satisfaction with the performance of the veterinary 
live spore vaccine has meant that recently the predominant 




1900 1910 1920 1930 1940 1950 I960 1970 1980 68 

Yeor P"* 



Figure 2 Notifications of human anthrax under the Factories Acts and 
Public Health Act United Kingdom, 1900-1988 (reproduced from Tumbufl 
et a/.* 9 , kindly updated by the RHUS Communicable Oisease Surveillance 
Centre , Factories Acts; . Public Health Act) 



emphasis has been on improving the human vaccines. In 
addition to the uncertain performance outlined above, 
the injection into human beings .of crude and undefined 
preparations is increasingly regarded as unsatisfactory, 
particularly, as in the case of the anthrax vaccines, when 
they are associated with frequent complaints of unpleasant 
side-reactions. 

It is for these reasons that, over the past few years, a 
significant amount of work has gone into developing a 
second generation anthrax vaccine for administration to 
humans which, as well as being fully defined (containing 
only essential ingredients and producing effective levels 
of protection with a single or, at worst, two doses), 
produces no side-reactions. 

Anthrax having become a rare human disease in the 
west since the 1950s arid 1960s, demand for the vaccines 
had become minimal and for a long period there was 
little incentive to produce alternatives to those available. 
Ironically, the incentive that arose was the supposed 
threat suggested by the belief of western intelligence that 
a substantial human epidemic of anthrax in 1979 in 
Sverdlovsk, an industrial city in the Urals, -was due to 
accidental escape of B. anthracis from a military 
biological installation 24 . The real extent and cause of the 
outbreak in Sverdlovsk remain un revealed but the result 
was that the 1980s were a decade of relative opulence for 
anthrax research, out of which arose major new levels of 
understanding of the biochemical, molecular and genetic 
basis of the disease and the host's defences against iu 

As far as improved vaccines were concerned, the first 
of these advances was the ability fully to purify and define 
the anthrax toxin components, PA, LF and EF, which 
had first been separated and partially characterized in 
the 1950s and 1960s 25 * 26 . The improved purifications 27-31 
allowed the development of enzyme immunoassays by 
which it became possible for the first time to monitor the 
response to the vaccines in humans and guinea-pigs and 
to relate the response in the guinea-pigs to prote ctive 
immunity 1 *- 1 "0.22.23.32 

The second major advance with significant bearing on 
development of improved vaccines was the discovery 3 5-36 
that the genes encoding the toxin lay on a large plasmid 
subsequently designated pXOl and that curing B. 
anthracis of this plasmid resulted^ in non-toxigenic 
a virulent derivatives. 

During the course of vaccine-related studies in the 
1980s, these two developments - a sensitive and specific 
immunoassay for the toxin components and the ability 
to produce non-toxigenic pXOl " strains of anthracis - 
led to the clarification of a number of matters. 

1 It was readily demonstrated that the toxin, or some 
part of it, was needed in a vaccine for induction of 
protective immunity. Live non-toxigenic strains con- 
ferred no protection while toxigenic non-capsulated 
(i.e. avirulent) strains, e.g. the Sterne strain, induced 
good protection 22 . 

2 The belief, first formulated in 1963 26 , that PA (then 
called Factor II) was the main immunogen has been 

I, verified. PA in the absence of EF and LF has now 
been shown to be capable of producing enectfve 
protection both as a purified entity 23 * 32 * 37 and when 
1 produced free of EF and LF in appropriately cloned 
B. subtilis 15 * 3 *. Consequently, protection has been 
noted in vaccinated animals with high levels of 
anti-PA in the absence or near absence of anti-EF 
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Table 2 Protection induced by three doses* of the UK and US human vaccines and by one to three doses of live spore vaccines (LSV and ST1) in 
guinea-pig protection tests 



Survival (Vo\ 



Reference 



Vaccine 



Challenge strains 6 



Vaccinated 



Unvaccinated 
controls 



Mean* 
anti-PA 
titre ' 



13 



15 



20 



US 

LSV-3 
US 

LSV-3 
US 

LSV-1 
LSV-2 

UK 
US 
LSV-1 
ST1 



UK 
US 
LSV 
ST1 

UK 
US 



i 



22 
23 



US 
LSV-2 

US 

LSV-3 
US 

LSV-3 



) 



Vollum/VoHum 1B 
9 other strains 

Ames 
Vollum 

Ames/NH/Pen Res 

Ames/NH/Pen Res 
Vollum 18 

Vollum 1B 



28 
97 



16 

3 



{100 
100 
100 
100 



} 

f 



ill 



I 12" I 

I 71 \ 
UO0 / 

I 67 | 

f 67 \ 
I 90 I 



0 

0 

0 
10 



10000 
3000 

(10000) 
(3000) 

20535 
392 
10392 

16400 
32800 
4096 
4096 

(16400) 
(32600) 
(4096) 
(4096) 

(16400) 
(32800) 

64508 
16124 

58310 
14404 
31623 
2512 



The standard vaccination schedule with the human vaccines begins with a short course of three doses 2-3 weeks apart Full designations of the UK 
and US human vaccines are in the text LSV-1 =live spore (Sterne strain 34F, livestock) vaccine, one dose (1-6 x 10* spores/dose). LSV-2— two doses 
2-3 weeks apart, etc. ST1 =Gve spore vaccine made from the Russian vaccine strain. Braces indicate tests carried out simultaneously. 
•Vallum used to be termed Vaccine sensitive* and strains such as Ames. NH (New Hampshire) and Pen Res (a naturally penicillin-resistant isolate) 
were termed Vaccine resistant" according to the results of the challenge tests in vaccinated animals. Tests with newer vaccine formulations have 
shown that the latter are not truly resistant (see also Table 3). 

'Note .the poor correlation between anti-PA titre and protection. PA is essential to protection but ft is not possible to determine the protected status 
of the individual from that individual's anti-PA titre. Parentheses indicate these figures are a repeal of those above. 
'Accumulated results of several experiments 



and anti-LF 14 * 20 * 32 . EF and LF appear capable of 
inducing only relatively low degrees of protection 23 . 
3 Although it became apparent that the presence of 
PA in a vaccine is essential to protection, it is also ^ 
dear that the relationshi p between PA and protection. 
is not straightforward ^laJble 2). Une or two doses 
of live spore vaccine may result in better protection 
but markedly lower anti-PA litres than three doses 
\ of human vaccine or even purified pa 20 - 22 - 23 * 39 . At 
first it was thought that this indicated that one or 
more other unidentified antigens were necessary for 
effective protection but further trials and analysis 
suggested that the phenomenon could be attributed 
to the involvement of cell-mediated immunity 
(CMI). The addition of totally non-specific cellular 
entities such as killed Corynebacterium ovis> Bordetella 
pertussis or Freund's complete adjuvant to either 
the human vaccines or purified PA enhanced their 
protective effects 20 * 32 . This stimulation of CMI is 
more than simply the effect of inciting the coincidental 
inflammatory response observed by Sterne 40 on 
combining the live spore vaccine with saponin; the 
performance of purified PA in inducing protective 
immunity was not found to be enhanced by irritants 
such as saponin 20 . 

These progressive discoveries, then, pointed the way 
to a number of approaches aimed at second generation 



improved human vaccines. The experimental vaccines 
resulting have taken three forms: 

1 Purified PA vaccines in which additions aimed at 
promoting the necessary cellular immune response 
have been combined with purified PA 20 * 32 * 37 . 

2 Recombinant vaccines, the chief example of which 
to date has been B. subtilis cloned with the PA 
gene 15 * 38 . The PA gene has also been cloned into 
and expressed by baculo virus and vaccinia virus 41 , 
but the results of protection tests with the recombi- 
nant viruses have not been published. 

3 Mutant vaccines; Ivins et al. A2 derived two Aro~ 
mutants by Tn916 mutagenesis of a Sterne strain 
descendant of B. anthracis. Unable to synthesize 

. aromatic amino acids not available in the mammalian 
j ( host, these would be expected to lack even the 
residual virulence of the parent pX01 + /pX02~ 
Sterne strain and would, therefore, be theoretically 
safe for use in a live spore human vaccine. Following 

VI the discovery by Leppia et fli. 2ti,JU that an essential 
prerequisite for toxic action by anthrax toxin is 
binding of LF or EF (competitively) to PA before 
reaching or at the eukaryotic cell surface and that 
the binding site for LF and EF on PA must first 
be exposed through cleavage by a trypsin-Iike 
protease 43 ^ 45 , Singh et d** identified and deleted 
the enzyme cleavage site thereby rendering the 
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Table 3 Protection conferred by experimental alternative anthrax vaccines 



Vaccine 



Type 



Details 



Challenge 
strain 




PA(70^g)+TriMix - 
PA (125-50 /ig)+TriMix or DeTox 
as above 

10* B. subtilis cloned with the PA gene 
10" as above 
10* as above 
10 w as above 

10* Trans poson Tn916 mutagenlzed Aro- 
10* Sterne strain vegetative cells 



Ames 

New Hampshire 
New Hampshire 



Subunit 
Recombinant 

Auxotrophic mutants 

W Invnunochem Research. Montana, USA. DeTox Is a ^J^T 0 ^^^^^' = ^ ^ ^ 

BCG strain of the tubercle bacillus; TriMix is DeTox + trehalose dimycolate (purified cord (actor from mycobacteria) 

•Turnbutl. unpublished results 



f ! 



i 



PA + LF and PA + EF combinations non-toxic 
(because LF and EF could no longer bind to the 
PA) without altering the immunogenicity. A Sterne- 
type strain of B. anthracis in which the gene for PA 
carried the deletion could again be expected to be 
entirely avirulcnt. 



Table 3 summarizes the prototype vaccines for the 
immediate future. A combination of PA with adjuvants 
'DeTox* or Tri-Mix* (Ribi Immunochem Research, 
USA) perhaps shows most promise for human vaccine 
purposes among those within these alternatives that have 
been subjected to protection tests. DeTox is a mixture 
of monophosphoryl lipid A and cell wall skeleton from 
the BCG strain of the tubercle bacillus; TnMix is 
DeTox + trehalose dimycolate. As well as being a 
chemically defined formulation lacking whole cell bacteria, 
it has now been shown that considerably better 
protection can be induced with single doses of these 
formulations than with even three doses of the conven- 
tional UK or US vaccines (see Ret 38, also Turnbull, 
unpublished results). This vaccine is essentially ready for 
clinical trials although a source of funding to cover this 
complex process* 7 has not been identified yet. ^ 

The B. subtilis recombinant vaccines of Ivins etal. 9 
were able to produce levels of protection in guinea-pigs 
broadly equivalent to those induced by the conventional 
Sterne strain live spore vaccine but only when adminis- 
tered in 10- to 100-fold higher doses than the Sterne 
strain vaccine 15 . The high doses required and the fact 
that B. subtilis produces a host of unspecified enzymes 
makes this particular vaccine one of simply academic 
interest, but the real appeal of the recombinant approach 
is that with more appropriate bacterial vectors such as 
Salmonella species, it offers the potential for development 
of oral vaccines for both humans and animals. Further- 
more, the recombinant strains could carry immunizing 
antigens for simultaneous vaccination against several 
diseases. Prototype bivalent Salmonella typhi Ty21a 
vaccines expressing S. typhi O and Shigella sonnet O 
antigens 48 - 49 , S. typhi O and ^cherichia coliLT-B or 
£. coli CFA I", and 5. typhi O and Vibrio cholerae O 
antigens have been designed already. Similarly, bivalent 
vaccine strains of Salmonella enteritidis carrying E. coli 
LTB 53 and Salmonella typhimurium carrying the gene for 
an immunizing fraction of tetanus toxin have been 
constructed. Theoretically, the carrier could code for 
protective antigens from more than one pathogen m 



addition to the S. typ/n" itself. 

The auxotrophic mutant vaccines of Ivins et at. also 
proved themselves able to confer protection at levels 
equivalent to their Sterne strain parent 37 and were shown 
in Sterne strain-susceptible mice to have lost their 
virulence. However, they suffered the drawbacks of 
possessing a self-transmitting tetracycline resistance 
factor and an ability to revert, albeit at a low rate, to 
the Aro+ parent type. A live vaccine in which the B. 
anthracis produces a form of PA which cannot be 
enzymatically cleaved into active form 46 may become 
acceptable for human use should particular advantages 
over a fully defined chemical (PA) vaccine become 
apparent. It may, for example, prove able to confer 
stronger protective immunity with a single dose and, even 
more probable, longer lasting protection. 

NEW ANIMAL VACCINES 

The excellent performance of the Sterne live spore vaccine 
over the half-century since it was first produced has meant 
that there has been little motivation to develop a new 
successor. However, the residual virulence it retains for 
certain animal species, the limited duration of protection 
conferred and the fact that it must be administered by 
injection make it less than ideal in certain situations. In 
developing countries, for example, where syringes and 
needles are in short supply for human use, let alone for 
animal purposes, this mode of administration places an 
immediate impedance on anthrax control. This has 
obvious consequences for any programmes aimed at 
global control or eradication of the disease. 

Similarly in African wildlife, where anthrax competes 
with poaching and other man-made threats for eliminating 
the increasingly precious and dwindling herbivore 
species, annual intramuscular administration of the 
vaccine is clearly an impractical approach to control. 

Interest in new developments in anthrax vaccines is, 
therefore, arising in the veterinary context also, particu- 
larly with respect to the development of a fully avirulent 
formulation that can be administered by some simple 
oral route procedure. B. anthracis not being an invasive 
organism, it is unlikely that simple oral route adminis- 
tration of the existing vaccine would lead to development 
of immunity, although even this has not been examined 
yet Either some means of ensuring the establishment ol 
its microinfection in the gastrointestinal tract must be 
designed or a genetically engineered invasive organism 
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such as S. typhimurium carrying and expressing the 
anthrax protective antigen gene must be constructed and 
a way of safely administering this without loss of potency, 
operator hazard or environmental damage must be 
found. An important challenge, therefore, still lies 
ahead in the field of veterinary anthrax vaccine and there 
are some moves now to address this. 



FURTHER READING 

A more comprehensive account of anthrax vaccine 
development can be found in reference 56. 
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Anthrax Spores Make an Essential Contribution to Vaccine Efficacy 
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Anthrax is caused by Bacillus anthracis, a gram-positive spore-forming bacterium. Septicemia and toxemia 
rapidly lead to death in infected mammal hosts. Currently used acellular vaccines against anthrax consist of 
protective antigen (PA), one of the anthrax toxin components. However, in experimental animals such vaccines 
are less protective than live attenuated strains. Here we demonstrate that the addition of formaldehyde- 
inactivated spores (FIS) ofB. anthracis to PA elicits total protection against challenge with virulent J?, anthrocis 
strains in mice and guinea pigs. The toxin-neutralizing activities of sera from mice immunized with PA alone 
or PA plus FIS were similar, suggesting that the protection conferred by PA plus FIS was not only a 
consequence of the humoral response to PA. A PA-deficient challenge strain was constructed, and its virulence 
was due solely to its multiplication. Immunization with FIS alone was sufficient to protect mice partially, and 
guinea pigs totally, against infection with this strain. This suggests that spore antigens contribute to protec- 
tion. Guinea pigs and mice had very different susceptibilities to infection with the nontoxigenic strain, 
highlighting the importance of verifying the pertinence of animal models for evaluating anthrax vaccines. 



The disease anthrax is caused by Bacillus anthracis, a gram- 
positive spore-forming bacterium. It affects mammals includ- 
ing humans. After entry into the host, the spores germinate 
and yield toxin-producing, capsulated bacilli. Toxemia and sep- 
ticemia rapidly lead to death. The bacilli secrete three proteins, 
protective antigen (PA), lethal factor (LF), and edema factor 
(EF), and these proteins combine to form the lethal (PA plus 
LF) and edema (PA plus EF) toxins. PA is the common cell 
binding component and is required for toxin activity (14). Two 
large virulence plasmids, pXOl and pX02, encode toxin pro- 
duction and the formation of a poly--y-D-glutamic acid capsule, 
respectively (20, 30). Curing B. anthracis wild-type strains of 
either plasmid attenuates virulence. However, the residual vir- 
ulence of pXOl" strains appears to be strongly influenced by 
the backgrounds of both pX02 and the chromosome (32, 35). 
A pX02 + pXOl" derivative of the Ames strain, a strain often 
described as particularly virulent (4, 13), has been shown to be 
as virulent for mice as the parental strain, due exclusively to 
bacterial multiplication and associated septicemia (35). Curing 
B. anthracis wild -type strains of pX02 yields toxigenic, non- 
capsulated, attenuated strains with vaccinal properties. One 
such strain, the Sterne strain, is used in the form of a live-spore 
vaccine for the immunization of animals. Although it performs 
satisfactorily (7, 26), it has side effects in some species. The 
recent development of a genetically detoxified Sterne strain 
derivative, RPLC2, may provide a valuable alternative to the 
residual virulence of the Sterne strain (2). The live vaccine is 
not considered suitable for human use, but PA -based cell-free 
vaccines, prepared from culture supernatants of the Sterne 
strain, have been licensed (7, 5, 27). Multiple immunizations 
are required to confer protection, and there are cases of reac- 
togenicity. Recombinant PA can now be produced from vari- 
ous heterologous organisms including Bacillus subtilis (11, 17, 
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34), and the safety and consistency of PA preparations have 
been improved. Highly purified PA preparations and recom- 
binant PA have been tested in various animal models, includ- 
ing mice, guinea pigs, rabbits, and monkeys (4, 10, 33, 36), in 
combination with various adjuvants (9, 12). These studies have 
yielded varied results. They also indicate that PA-based vac- 
cines are less protective than live-spore vaccines against viru- 
lent isolates of B. anthracis (16, 33). Thus, some strains, for 
example, the Ames strain, have been termed "vaccine resis- 
tant" because full protection in guinea pigs immunized with 
PA is possible only with adjuvants unsuitable for human vac- 
cines (4, 12, 16). Moreover, several studies illustrate the diffi- 
culty of evaluating PA vaccines and establishing a direct cor- 
relation between PA-specific antibody titers and protection (9, 
12,26,28,29). 

In recent years, efforts have been made to improve acellular 
vaccines. There is evidence that spore antigens present in live- 
spore vaccines make a contribution to protection (3). Immu- 
nization with PA targets toxemia but not septicemia, and it is 
possible that an immune response to spore antigens would 
enhance protective efficacy by targeting the early steps of in- 
fection. We thus tested the efficacy of a vaccine composed of 
PA and formaldehyde-inactivated spores (FIS) of a genetically 
detoxified Sterne strain (RPLC2). Virulent B. anthracis strains 
and two animal models were used: (i) guinea pigs, the animals 
most commonly used for testing anthrax vaccines (13, 16, 26, 
29), and (ii) mice, which are very sensitive to anthrax and 
particularly difficult to protect (12, 33). Inclusion of FIS in an 
acellular vaccine resulted in total protection against virulent 
strains in both animal models, under conditions where PA 
alone failed. However, the findings for the two animal species 
differed, indicating the importance of assessing the pertinence 
of animal models for evaluating anthrax vaccines. 

MATERIALS AND METHODS 

Bacterial strains. B. anthracis strains were grown in brain heart infusion 
medium or on CAP agar plates (25). Spcciinomycin (60 u.g/ml) was added as 
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TABLE 1. Protective immunity induced in guinea pigs 
by the combination PA plus FIS 



Immunization 


Protection 0 


Serological response 6 (titer) 
Anli-PA Anti-spores 


PA 


2/9 (22) 


9,600 


ND 


PA + 10 5 FIS 


2/4 (50) 


17,700 


1,000 


PA + 10 6 FIS 


3/5 (60) 


7,900 


2,000 


PA + 10 7 FIS 


5/5 (100) 


12,800 


2,000 


PA + 10 B FIS 


9/9 (100) 


11,200 


15,000 


10 P FIS 


1/4 (25) 


<100 


11,000 


Control 


0/10 (0) 


<10 


<100 



■ Number surviving/n umber challenged (percent). Animals were challenged 
with 300 LD50S. 

* Tilers of anybodies against PA and spores were determined by ELISA. 
Values given are reciprocal geometric mean titers. ND, not determined. 



appropriate. The following B. anthracis strains were used; the Sterne strain 7702 
(pXOl*), its derivatives RPLC2 (carrying point mutations affecting the catalytic 
sites of EF and LF) (2) and SM11 (with the genes encoding the S layer deleted) 
(19), and the virulent strains (pXOl* pX02+) 17JB (30) and 9602 (a strain 
isolated in a fatal human case of anthrax in France [1]). Spores of B. anthracis 
strains were prepared as previously described (21). When necessary, spores were 
inactivated with formaldehyde (4%) after overnight incubation at 3TC Spores 
were conserved in sterile water at 4°C 

Construction of strain 9602P. The pagA gene carried by pACP41 (22) was 
cleaved with Ncoh blunted, and ligated to the nonpolar speclinomycin resistance 
cassette (Spc-H + 1) (IK). The inactivated gene was inserted into pAT113, and 
the construct was transferred into strain 9602 by "helerogramic" mating as 
previously described (21). The mutant strain carrying the pagA gene deletion 
(9602P) in place of the wild-type copy was selected on CAP plates containing 
bicarbonate and spectinomycin. The plates were incubated at 37*C in a 5*?r C0 7 
incubator to allow transcription of the spcctinomycii) resistance cassette from the 
pa%A gene promoter. The construct in 9M)2I* was verified by PCR, and the 
absence of PA production was checked by immunohlotting using antibodies 
specific for PA. 

Immunize l ion und challenge of experimental unimaLs. Seven-week-old female 
Swiss oulbred mice (six per group) (Iffa Credo, I'Arbrcsle, France) and female 
Hartley guinea pigs weighing 200 to 300 g (Charles River, Saint-Aubin les Elbeuf, 
France) were used for virulence and immunization experiments. The compo- 
nents used for immunization were purified PA (10 j^g/mouse and 40 jig/guinea 
pig) and/or FIS of RPLC2. Aluminum hydroxide (03%), which is the adjuvant 
licensed for human vaccines (5, 27), was used for all immunizations. Mice were 
injected subcutancously (200 uJ), and guinea pigs were injected intradermally 
(100 uJ). Animals were immunized twice, on days 0 and 15. Serum samples were 
taken from the retro-orbital plexus of mice and by cardiac puncture from guinea 
pigs on day 33. Animals were challenged subcutaneousry on day 35- The 50% 
lethal dose (LD50; the dose of spores killing half the animals) of 17JB was 500 
spores for mice; the LD^, of both 9602 and 9602P was 50 spores for mice. The 
LD50 of 9602 was 100 spores for guinea pigs. Mice were challenged with a dose 
equivalent to 30 times the LD 5n of 17JB, 9602, or 9602P, and guinea pigs were 
challenged with 300 times the LD 50 of 9602. Surviving animals were sacrificed 2 
weeks after challenge. 

Serological tests. Enzyme-linked immunosorbent assays (EUSAs) were used 
to determine titers of antibodies (total immunoglobulin) specific for the purified 
PA as previously described (23). Titers of anybodies to spore surface proteins 
were also determined by ELISA. Wells of 96-well microtiter plates (Nunc) were 
coated with formaldehyde-treated SM11 spores (10 7 /well) overnight at 37°C 
Spores were then fixed with paraformaldehyde (3.4%). Anti-species antibodies 
coupled to peroxidase were used at a dilution of 1/1,000. An arbitrary A 492 value 
of 0.5 was used to calculate the end point titers. 

Neutralizing assays on macrophages. Murine macrophages (RAW264.7) were 
seeded in a 96-well microtiter plate (Nunc) (2 X 10 4 cells/well) and incubated for 
16 b at 37*C under a 5% CO, atmosphere. PA (50 ng/ral, the 100% effective 
concentration) was preincubated for 1 h at 37°C under a 5% C0 2 atmosphere 
with dilutions of sera from mice immunized with PA alone or with PA plus FIS. 
The complexes were then incubated with LF (1 u.g/ml) and the macrophages for 
3 h at 37*C under a 5% C0 2 atmosphere. Cell viability was quantified by a 
colorimetric assay (8). 

Statistics. The x 2 * cst was usca * f° r statistical analysis. 



RESULTS 

Protective efficacy of PA plus FIS in guinea pigs. The con- 
tribution of FIS to PA vaccine efficacy was first evaluated in 
guinea pigs (Table 1). The highly virulent strain 9602, Which 
has an LD 50 similar to that of the Ames strain (13), was used 
for challenge. Animals receiving PA alone were poorly pro- 
tected (22%), in agreement with the findings of other immu- 
noprotection studies. In contrast, inclusion of FIS in the vac- 
cine enhanced protection and did so in a dose-dependent 
manner. Indeed, protection was 100% when 10 7 spores or 
more were included. Immunization with spores alone, even at 
the highest dose, provided only partial protection (25%). The 
difference in survival between guinea pigs immunized with PA 
alone and those immunized with PA plus 10 s FIS was statisti- 
cally significant (P < 0.05). The difference in survival between 
guinea pigs immunized with 10 8 FIS alone and those immu- 
nized with PA plus 10 8 FIS was also statistically significant 
(P < 0.02). Thus, the combination PA plus FIS provided full 
protection under conditions where PA alone or FIS alone 
failed to do so. 

Protective efficacy of PA plus FIS in mice. Two challenge 
strains, the laboratory strain 17JB and 9602, were used with 
mice. Their LD 50 s were 500 and 50 spores per mouse, respec- 
tively. Fifty percent and 33% of mice immunized with prepa- 
rations of PA or FIS alone, respectively, were protected against 
17JB (Tabic 2). In contrast, 100% of those immunized with the 
combination PA plus FIS survived the lethal challenge, al- 
though small numbers of animals were used. In the experiment 
with strain ^602, using larger number of animals, none of the 
animals immunized with either PA or FIS alone survived the 
lethal challenge, confirming the virulence of strain 9602 and 
the difficulty of protecting mice. Nevertheless, all animals im- 
munized with the combination PA plus FIS were protected 
against 9602 (P < 0.01). 

Characterization of the humoral immune response. In both 
animal models, the immunization procedure elicited significant 
titers of antibody against PA (>5,000) and spore antigens 
(> 1,000) (Tables 1 and 2). Sera from immunized animals were 
used to probe blots of spore surface antigen preparations. Few 
protein bands were recognized (data not shown). The most 
strongly labeled antigen was a polypeptide with a molecular 
size above 250 kDa. 



TABLE 2. Protective immunity induced in mice by 
the combination PA plus FIS 



Immunization 


Protection" 


Serological response* 


(titer) 


17JB 


9602 


Anti-PA 


Neutralizing 
titer* ± SD 


Anti- 
spores 


PA 


3/6 (50) 


0/18 (0) 


8,600 


1,060 ± 300 


ND 


10 s FIS 


2/6 (33) 


0/12 (0) 


40 


ND 


18,000 


PA + 10* FIS 


6/6 (100) 


24/24 (100) 


12,000 


580 ± 120 


4,400 


Control 


0/6(0) 


0/18(0) 


<10 


ND 


<100 



" Number surviving/number challenged (percent). Animals were challenged 
with 30 LD50S of one of the two virulent strains. 

h Titers of antibodies were determined by ELiSA. Values given are reciprocal 
geometric mean titers. ND, not determined. 

' Reciprocal of the dilution of the pooled sera sufficient to neutralize half of 
the activity against macrophages of the lethal toxin. Experiments were performed 
in triplicate. 
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TABLE 3. Protective efficacy of FIS against 
challenge with strain 9602P 

Protection" 

Immunization 

Guinea pigs Mice 



PA 0/5(0) 0/6(0) 

lO^FIS 5/5(100) 3/6(50) 

Control 0/5(0) 0/6(0) 

" Number surviving/number challenged (percent). Mice were challenged with 
30 LD 50 s, and guinea pigs were challenged with a lethal dose (4 x 10 8 spores). 

To determine if the 100% protection observed with the 
combination PA plus FIS was the result of higher PA -neutral- 
izing antibody titers, we determined the neutralizing activities 
of pools of sera from mice immunized with PA alone or with 
PA plus FIS (Table 2). The toxin -neutralizing activity of the 
PA-plus-FIS pool was no higher than that of the PA pool. 
Therefore, the differences in protection observed could not be 
due to differences in toxin inactivation. 

Protective efficacy of FIS against a capsulated PA-deficient 
strain. Infection involves both spore germination and subse- 
quent vegetative-cell multiplication. The protection conferred 
by immunization with inactivated spores may act on the first of 
these processes. To test this, we constructed a challenge strain 
the virulence of which is entirely due to its multiplication 
properties. To avoid differences in the virulence background of 
the strain, we constructed an isogenic nontoxigenic derivative 
of 9602 (9602P). To make as small a change as possible, we 
introduced a nonpolar deletion into the pagA gene, which 
encodes PA. 

Strain 9602P was highly attenuated for virulence in guinea 
pigs; 10" to 10 7 spores were required to kill half of the animals. 
As expected, immunization with PA was unable to protect 
against lethal challenge with 9602P, and no survival was ob- 
served (Table 3). In contrast, immunization with FIS gave 
100% protection. The difference in survival between the two 
groups was statistically significant (P < 0.01). These data 
strongly suggest that in guinea pigs, the immune response 
against FIS is sufficient to protect against infection with 9602P. 

Unlike guinea pigs, mice were highly sensitive to 9602P, and 
the LD 50 of this strain was similar to that of the wild-type 
parental strain, 9602 (50 spores per mouse). Thus, although 
9602P did not cause toxemia, its overall virulence in mice was 
not substantially affected. Immunization with PA did not pro- 
tect mice against challenge with 9602P (Table 3), whereas 
immunization with FIS protected 50% of the mice against such 
a challenge. These data point to the higher sensitivity of mice 
to infection. 

DISCUSSION 

Anthrax involves both toxemia and septicemia leading to 
death of the infected host. PA-based vaccines only target tox- 
emia, whereas live-spore vaccines may protect against both the 
effects. Numerous studies evidence the substantial contribu- 
tion of PA as a vaccine component, but optimal protection is 
nevertheless best achieved by live vaccines. Here, we report the 
successful immunization of guinea pigs and mice with a com- 
bination of PA and FJS. In both animal models, protection 
reached 100%. In the sensitive mouse model, the PA-neutral- 
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izing antibody titers, which have been considered a marker of 
protective immunity (24), were not affected upon addition of 
FIS. However, protection was 0% after immunization with PA 
and 100% after immunization with PA plus FIS in mice in- 
fected with strain 9602. The effect of spores on protective 
immunity is therefore not a consequence of greater neutral- 
ization of toxin activity. Animals also developed an antibody 
response to spore antigens, as determined by ELJSA. The 
improved protection may be a consequence of the response to 
these antigens, as has been proposed for live-spore vaccines 
(3). The contribution of FIS to protection against infection was 
demonstrated by constructing a PA-deficient strain, 9602P, and 
using it for challenge. Immunization with FIS was sufficient to 
protect guinea pigs totally, and mice partially, against infection 
with the capsulated 9602P strain. Interestingly, the virulence of 
9602P in mice and guinea pigs was very different: guinea pigs 
were relatively resistant to 9602P, and thus the toxin is likely to 
be the main virulence factor in anthrax-infected guinea pigs. 
This probably also explains why guinea pigs are easier to pro- 
tect with PA-based vaccines than mice. Moreover, successful 
passive protection with anti-PA sera has been reported in 
guinea pigs (15). In contrast, mice were as sensitive to 9602P as 
to the wild-type parental strain, 9602, which supports observa- 
tions made with pX02* derivatives of virulent strains (32, 35). 
Therefore, control of septicemia might differ greatly between 
host species. Protection of hosts highly susceptible to infection 
probably requires more than PA-mediated toxin neutraliza- 
tion. 

In summary, wc present evidence that inclusion of killed 
spores greatly enhances the protective eflicacy of a PA-based 
vaccine. Immunization with FIS plus PA provides a synergistic 
protective immunity acting on both toxemia and infection. The 
immune response induced by FIS may act early by blocking 
germination, a critical step at the onset of pathogen multipli- 
cation (6, 31). The molecular mechanisms of the protective 
immunity induced by FIS and the putative role of spore anti- 
gens need to be further investigated. It is clear that full pro- 
tection against anthrax requires a multifactorial immune re- 
sponse. The results presented here may serve as the basis for 
the first design, for human use, of a subunit vaccine as protec- 
tive as the current live veterinary vaccine. 
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